Introduction
It is generally assumed that the innermost distance where energetic charged particles can be trapped beyond Saturn's main rings maps to the L-shell of the A-ring's outer edge, at L∼2.27 (the L-shell, L, is normalized to a planetary radius, 1 R S =60268 km). That is because the exterior A-ring, with a surface mass density of 23.8±10.8 gcm −2 [Spilker et al., 2004] , contains enough material to absorb 30-100 MeV electrons and 200-350 MeV protons after few traversals through its surface. Indeed, measurements obtained during the Pioneer 11 flyby of Saturn [Simpson et al., 1980; Van Allen et al., 1980] and by Cassini [Paranicas et al., 2010] show fluxes of energetic protons and electrons dropping close to their background levels when the two spacecraft crossed onto field lines mapping to the A-ring. Still, the transition between the radiation belts and the main rings is more than just a region of a non-trivial energetic particle depletion: it is actually a site holding key information for understanding the belts' structure and dynamics.
For instance, the process dominating the transport of trapped particles onto the A-ring, which ultimately determines their loss time scales, appears to be different for energetic protons and electrons. The well-defined structure and stability of the proton radiation belts [Kollmann et al., 2017] indicate that the transport of protons is driven by slow, radial diffusion. Contrary to that, electron transport appears to be affected by global scale, cold plasma radial flows (alternately referred here as convection) because it has been observed that energetic electron transients propagate rapidly from the middle magnetosphere into the radiation belts, where they persist for less than a week. In order to explain the difference between protons and electrons, Roussos et al. [2018a] inferred that the electron c 2018 American Geophysical Union. All Rights Reserved.
radiation belts contain a significant population of MeV electrons in near drift-resonance with corotation (meaning that their azimuthal gradient and curvature drift at an energy of E=E c cancels out corotation) [Thomsen and Van Allen, 1980] . Such electrons are particularly sensitive to convection, and they can be transported throughout the magnetosphere and to the rings in a relatively short time.
The only published study supporting a case of a fast, convective transport of electrons onto the rings with in-situ measurements from their vicinity is that of Paranicas et al.
[2010], who found that the ring absorption of MeV electrons, observed by Cassini on day 183/2004, was asymmetric in local time and displaced outwards with respect to L∼2.27 at noon. That single observation, however, could not rule out that Saturn's F-ring has also a role in creating such asymmetries. The F-ring is a longitudinally asymmetric and dynamic ring located just outside the main rings, between ∼2.30 and ∼2.34 R S . Besides its 10-50 km wide dusty core, that comprises 10-1000 µ m ice grains and has a mean optical depth (τ ) of ∼0.2 [Showalter et al., 1992; Bosh et al., 2002; Becker et al., 2018] , the F-ring contains moonlets in the size range of 0.1-1 km and dust clumps with arc lengths typically exceeding 5
• of longitude [Esposito et al., 2008; French et al., 2014] . These moonlets and clumps appear to be efficient sinks of energetic electrons [Van Allen, 1982; Cuzzi and Burns, 1988] .
During Cassini's Proximal orbits (days 113-258/2017) the L-shells of the F-ring and the A-ring edge were crossed 45 times, providing a unique opportunity to study those rings'
interactions with the electron belts in a systematic way. An initial, brief description of these observations is provided in Buratti et al. [2018] . Besides identifying several ring and c 2018 American Geophysical Union. All Rights Reserved.
moon driven losses of energetic protons and electrons, those authors reported the detection of a series of unexpected, localized enhancements of energetic electron intensities in the vicinity of the A and F rings, which here we refer to as "microbelts". Their occurrence appears to be asymmetric in local time so their study could be central for understanding convective flows near the rings.
In the present study we expand on the initial observations by Buratti et al. [2018] Several features stand out: in all inbound crossings, the electron rates reach the background levels at L∼2.34, close to the outer edge of the F-ring and no microbelts are visible.
The outbound crossings show the microbelts within the F-ring boundaries. Some residual foreground electron signal is also seen between the A and F rings (2.27< L <2.30). These inbound-outbound differences are indicative of a highly asymmetric configuration of the ring-belts transition within just few hours of local time.
We extracted manually the coordinates of the microbelts' location and peak count rate and those of the inner boundary of the electron radiation belts. The latter is defined as the minimum L-shell (L b ) where the >800 keV electron priority rates drop below 4 counts s −1 . Choosing a lower threshold down to 3 counts s −1 ) had a negligible impact c 2018 American Geophysical Union. All Rights Reserved.
on the results that we present below. Even lower thresholds were avoided to prevent confusing a boundary crossing with random signal fluctuations. For that purpose, we also averaged the priority rates over 2 s.
The values of L b are plotted in Figure 2A (red diamonds). The mean L-shell of the inner boundary is L b =2.32±0.02, effectively contained within the F-ring boundaries.
Between 9 Out of the 22 microbelts observed, 18 were located post-noon and 4 pre-noon. Their mean L-shell is L s =2.33±0.01, while their L-shell width, shown as an error bar in Figure   2A , is W =0.02±0.01. The microbelts are clearly mapped within the F-ring boundaries.
Discussion
Even though only a limited local time range was sampled during Cassini's Proximal Orbits, all observations summarized above indicate that the ring-belt interface is very c 2018 American Geophysical Union. All Rights Reserved.
dynamic and asymmetrically structured. We now discuss the implications of several of these observations.
The origin of the inner electron radiation belt boundary
All but four of the inner electron radiation belt boundaries were at L b >2.30. Two are the possible explanations for this observation.
The first is that the F-ring is an important energetic electron sink. For an F-ring core with τ ∼0.2 and an effective dust particle size lower than 50 µ m) [Bosh et al., 2002] , the surface mass density is below 10 −3 g cm −2 , a value sufficient for stopping 25 keV electrons or gradually moving MeV electrons below the 800 keV energy limit of the LEMMS channel used here. Moonlets, dust clumps or longitudinal F-ring sectors with higher dust density would enhance the global losses of electrons.
The second possibility, which we favour, is that electron absorption happens at the A-ring (e.g. around midnight) but its effects are propagated to larger L-shells due to convection. The colocation of the inner belt boundary with the F-ring may then be a misleading coincidence. The outward offset of L b could be driven by a uniform electric field pointing in the general direction of midnight, as we observe at larger L-shells (L>4) [Andriopoulou et al., 2012; Thomsen et al., 2012; Wilson et al., 2013] . This electric field, typically referred to as "noon-to-midnight electric field", causes a uniform, dawnward needed to account for the observed dayside, outward offset of the resulting depletion is <0.5 mV m −1 [Paranicas et al., 2010] .
The reason we favour the second scenario is because in the pre-noon sector L b was observed outside the F-ring (2.34<L<2.37) for 50% of the orbits. The two-week periodicity identified in the pre-noon sector's L b values ( Figure 2B ) hints that the strength of convection is modulated by the interaction of Saturn's magnetosphere with the solar wind.
A similar periodicity has been observed in the intensity and extent of the electron radiation belts in 2008 [Roussos et al., 2014] and was attributed to Saturn's magnetosphere interaction with two CIRs every solar rotation [Roussos et al., 2018b] . Evidence that Saturn was almost continuously exposed to CIRs during the Proximal Orbits is provided in Roussos et al. [2018c] . By comparison, convection in Jupiter's inner magnetosphere is also regulated by solar wind transients Murakami et al. [2016] .
A question that then emerges is why post-noon we do not observe a similar temporal modulation, as these electrons would be exposed to the same global convective flows. Since the value of L b post noon is controlled by the microbelts, we should consider whether the microbelts' electron source is not the same as for the radiation belt electrons observed pre-noon. Before exploring this possibility, we should first understand how the microbelts can be so localized.
The origin of the microbelts 4.2.1. Local time confinement
A pile-up of electron flux restricted in local time may occur due to the presence of corotation-resonant electrons in the electron distribution (E∼E c ). Global convective flows c 2018 American Geophysical Union. All Rights Reserved.
would force such electrons to follow closed paths in a narrow local time range, rather than the typical, circumplanetary trajectories [Cooper et al., 1998 ].
Such an example is shown in Figure 3A , where we plot the bounce-averaged, guiding center trajectories of 36 resonant electrons injected uniformly in local time at L=2.32.
The electrons were traced with the method of Roussos et al. [2013] When such electrons are injected at local times other than 10:00-13:00, they drift onto the A-ring where they get absorbed between 13:00 and 22:00 forming forbidden access (F.A.) regions in the pre-noon sector. F.A. regions at pre-noon local times are seen also for electrons with energies slightly below or above the corotation resonant energy ( Figure   3B , C) that intersect the A-ring. That could explain the lack of electrons inward of L∼2.29 and between 9:00 and 11:00 (Figure 2A ).
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For energies which electron orbits do not intersect the A-ring ( Figures 3D, E) , the 
L-shell confinement and F-ring localization
The local time confinement described above can occur at any L-shell where corotation resonant electrons exist. Since beyond the dense A-ring there is no strong absorber to limit their pile-up, then why are microbelts restricted at L<2.35 and centered at the L-shell of the F-ring?
One possibility is that an electrodynamic interaction of the F-ring with the magnetosphere drives local plasma flow perturbations (e.g. due to mass loading) which could lead to a preferential trapping of energetic electrons at those ring's location. Such electrons c 2018 American Geophysical Union. All Rights Reserved.
could come directly from Saturns radiation belts, which may be dominated by electrons around E=E c [Roussos et al., 2018a] ). A caveat of this scenario is that it does not explain why microbelts are organized with local time: a ring-magnetosphere interaction should take place at all local times. Even though we do not favor the aforementioned concept, we cannot exclude it as we have no clear understanding at this stage on how the interaction between the magnetosphere with a highly structured F-ring would look like.
A second scenario involves the production of energetic electrons from the F-ring due to its irradiation by Galactic Cosmic Rays (GCRs). Such an interaction may release electrons in two ways. The first is through the Cosmic Ray Albedo Neutron Decay (CRAND) [Blake et al., 1983] , which supplies electrons over a wide L-shell range and cannot account for the L-shell localization of the microbelts. The second is through a direct electron release from the decay of pions which get produced in GCR-ring collisions: et al., 1980] . This process generates electrons locally and over a wide energy range [Cooper et al., 1985] that includes E c . Since the F-ring moonlets and clumps may carry significant column mass density that compares to that of the A-ring, we analyzed LEMMS observations from the times that Cassini was magnetically connected to the main rings in order to understand if and how many secondary electrons get produced by GCRs. Any foreground electron signal above the main rings may only come from GCR secondaries. Figure 4 shows Proximal orbit averaged rates of >800 keV electrons as a function of L-shell across the main rings. This signal, that was observed with much lower spatial resolution by Pioneer 11 [Chenette et al., 1980] , has been attributed to secondary electrons c 2018 American Geophysical Union. All Rights Reserved.
generated from the impact of GCRs on the atmosphere and/or the rings. The drop of the signal towards the planet is due to the reduced GCR access with decreasing L-shell [Kotova, 2016] , which translates into a lower production of secondaries. Any superimposed deviation from this trend signifies a local change in the density of the material that GCRs interact with. The observation of a region with reduced electron production at the expected position of the Cassini division, proves that these electrons come from the rings and not the atmosphere.
The average, background subtracted count-rate of ring electrons produced at the outer A-ring is ∼0.9 counts s −1 . Since these electrons will have a maximum lifetime of half a bounce period (∼1 s), 0.9 counts s −1 could also correspond to the approximate increase the >800 keV electron signal every second at a location of the F-ring where production is similarly effective. In the absence of losses and even if just 1% of the secondary electrons have energies near the corotation resonance, the signal observed in the microbelts (∼50-100 counts s −1 ) could accumulate within 1.5-3 hours, while corotation resonant electrons complete their trajectories over one week.
What limits the signal intensity in the microbelts is that following their production, the secondary electrons are immediately exposed to the F-ring. It is possible, however, that the production is stronger than the loss rate because electrons may drift relative to the localized F-ring sectors that produced them (which orbit Saturn with the keplerian velocity) and escape regions of high column mass density within seconds or minutes of their release into the radiation belts.
Conclusions
We discussed several concepts in order to explain the topological characteristics of the inner electron belt boundary (L b ) and of the microbelts. All explanations had a common requirement: convective flows should be present near Saturn's rings meaning that the transport of energetic electrons onto the rings is convective and not diffusive. In that respect, our results on whether whether electron losses on the F-ring contribute to the formation of L b are less clear.
We have shown evidence that the strength of convection may be modulated by CIRs, revealing the influence of the solar wind very deep into Saturn's radiation belts. That suggests that a significant component of the electric field modulating L b has its origin in the magnetosphere. It may be relevant to the noon-midnight electric field identified at larger L-shells Thomsen et al., 2012; Wilson et al., 2013] .
A caveat of this connection is that these previous studies predicted electric field strengths >0.1 mV m −1 near the rings, higher than estimated here. Besides that, uniform convection could not explain similarities in the asymmetries of ∼1 MeV and >7 MeV electrons near the rings seen by Cassini in 2004 [Paranicas et al., 2010; Thomsen et al., 2012] . Bridging these inconsistencies may require us to move past the simplified models of steady-state convection and the uniform electric field to describe non-corotational flows used in the current and past studies, especially in light of the CIR-modulated L b value shown here and the findings of Roussos et al. [2018a] .
Another implication of our analysis is that the F-ring may be a direct source of energetic electrons in the magnetosphere, through its interaction with GCRs. An F-ring source is required to explain the origin of the microbelts within those ring's boundaries and justify c 2018 American Geophysical Union. All Rights Reserved.
why L b at post-noon local times does not show the same periodic modulation as observed pre-noon. An alternative scenario for the formation of the microbelts involves trapping of electrons in regions that there may be a strong electrodynamic interaction between the F-ring and the magnetosphere. Simulations, the analysis of lower energy electron data of LEMMS and context from other instruments would be required to decide if any of these two concepts is relevant.
